One of the most cost-effective ways to save energy in commercial buildings is through designing a dedicated controller for adjusting environmental set-points according occupancy flow. This paper presents the design of a fuzzy rule-based supervisory controller for reducing energy consumptions while simultaneously providing comfort for passengers in a large airport terminal building. The inputs to the controller are the time schedule of the arrival and departure of passenger planes as well as the expected number of passengers, zone global illuminance (daylight) and external temperature. The outputs from the controller are optimised temperature, airflow and lighting set-point profiles for the building. The supervisory controller was designed based on expert knowledge in MATLAB/Simulink, and then validated using simulation studies. The simulation results demonstrate significant potential for energy savings in the controller's ability to maintain comfort by adjusting set-points according to the flow of passengers. Practical application: The systematic approach adopted here, including the use of artificial intelligence to design supervisory controllers, can be extended to other large buildings which have variable but predictable occupancy patterns like the restricted area of the airport terminal building.
Introduction
UK sets an ambitious target for overall CO 2 reductions of 80% by 2050 relative to 1990 level 1 as her contribution in the global effort at combating global warming and climate change. Aviation contributes only about 6.3% of UK's carbon emission. 2 It may be argued that this impact is low but the projected growth in aviation is of growing concern; UK's aviation is growing at approximately 8% per annum and as highlighted by the Tyndall integrated scenarios project, under some growth projections, the lion's share of the UK's allowable CO 2 emissions will be derived from aviation by 2050. 3 This suggests that aviation will remain in the political spotlight for the foreseeable future and against this background, every sector of the industry will have to demonstrate action to minimise CO 2 emissions.
At the same time, emissions taxes, airline and airport CO 2 limits, and emissions trading schemes will increase operating costs creating financial pressures for carbon reduction. 4 As such, energy managers at various airports across UK are continuing to demonstrate their commitment to climate change by carrying out energy efficient measures. Edinburgh Airport has taken effort to lighten its electricity and gas consumption 5 while Manchester has set target to achieve carbon neutrality in her energy and vehicle use. 6 In addition, building energy consumption has already reached over 40% of the total global energy consumption and has since surpassed other economic sectors. 7 So, while building engineers may not influence fuel or engine technology in airports, they can help to significantly reduce or eliminate carbon emissions associated with designing and adapting airport infrastructure. Therefore, to achieve any meaningful emission savings in UK airports, terminal buildings' energy use must be given adequate attention.
HVAC and lighting systems in commercial buildings need to be carefully controlled to provide comfort under a range of changing load conditions. This is a difficult task, and therefore efficient and effective control is often the most cost-effective way to improve the energy efficiency of a building. Airport buildings are operated round-the-clock and contain many spaces that are different in function and structure; these lead to complicated building systems including heating, ventilation, air conditioning, electric lighting and hot water systems that can be difficult to control. This complexity is enhanced by non-linear effects, time-varying and uncertain nature of the variables inside and outside of the building affecting these systems requiring frequent adjustment of comfort setpoint. PID controllers currently deployed in managing such buildings are only able to deal with non-linearity within small range of building operating conditions and generally, occupancybased control strategies are not achieved through the use of conventional controllers alone. Consequently, typical HVAC and Lighting systems are run continuously on conservative settings chosen for maximum comfort and maximum ventilation power. This leads to a high energy consumption, a good part of which is wasted during periods of low occupancy. 8 The advantage Fuzzy logic control offers to building energy management is that it does not require information about plant dynamics and is capable of approximating any real function on a compact fuzzy set, 10 and because human sensation of comfort is not crispy but fuzzy and subjective, classical adaptive controllers requiring crisp comfort inputs are compared poorly to fuzzy logic controllers which are robust as well and are well adapted to regulate fuzzy items in buildings. 11, 12 Table 1 summarises the strength and weaknesses of the various control types implemented in buildings and similar summary with different objective can be found in a review paper. 13 The summary showed that fuzzy supervisory controllers are capable of extending the capacity of the conventional PID control paradigm to coupe with challenging applications. This paper presents the design of a fuzzy supervisory controller for managing the indoor comfort of an airport terminal and examines its benefits. A detailed simulation model is used to determine the effects in terms of energy and carbon emission reduction as well as passenger comfort in a UK airport terminal.
Area of focus for the airport control strategy
This supervisory control strategy was developed for the zones that are used mainly by the passengers and staff of the airport, such that the occupancy flow pattern is directly related to flight schedules. Airport buildings are often zoned such that the landside areas accessible to the general public are separated from the airside areas that are only restricted to the passengers and staff with relevant documents. This study will focus on the departure/arrival gates only, because they typically have well understood occupancy patterns. Other zones such as shops and leisure areas have more complex occupancy patterns that are beyond the scope of this paper. This differentiation is necessary in order to capture areas within the terminal where occupancy can be predicted using available information on arriving and departing passenger planes.
In general, terminal arrival process is less complicated than departure, since arriving passengers are mostly interested in picking their baggage and checking out quickly. This process is usually short and largely predictable. The departure process takes a much longer time, partially because of airline procedures, and partially because passengers will arrive early to allow for possible delays in transportation to the airport. The International Civil Aviation Organisation (ICAO) recommends 45 minutes as the maximum duration for international arrival passenger processing from disembarkation to completion of the last clearance process, and 1 h for the departing passenger from clearance to embarkation. 66 A survey 67 conducted in seven UK airports by Civil Aviation Authority (CAA) in 2009 shows that the typical processing time for most passengers in these airports was even shorter than the provisions in the standard.
Fuzzy supervisory controller
The main goal of supervisory control is to increase the operating availability of set-points for the process under control based on the function of the control space ( Figure 1 ). To achieve this, the controller supplies set-points to coordinate the actions of the distributed controllers according to the evolution of the passenger flows and external conditions. A fuzzy supervisory controller was chosen because it provides a direct way to translate observations of the arrival and departure process into control actions. The heuristic elements in the control strategy are based on operator knowledge obtained from building operation and in situ measurements of control variable carried out in the building.
This structure of the supervisory controller follows the framework of Yokogawa electric's temperature controller. 68 In this design, the fuzzy supervisory module leads the PID controller along a temperature trajectory that can quickly reach the actual set-points without overshoot. A key difference is that Yokogawa controller is a close-loop supervisory control system and involves only temperature, while the one described here is an open-loop (feedforward) system. This change simplifies the design of the supervisory controller, and it avoids potential stability issues caused by the interference of two feedback loops. Vogrin and Halang demonstrated the use of a set-point pre-processor with a similar architecture to control robot arm. This experiment found that the controller response speed is very high, and it maintains good closed-loop stability. 69 The major limitation of a static controller such as this one is that it does not take the dynamics of the system into account, but dynamic control is of course applied on the lower level, so that the system will respond perfectly to changing operating conditions. So compared to the high level control goals set for this paper, this is still a good approach.
The structure is shown in Figure 1 , and the used variables are explained in Table 2 .
One of the advantages of this scheme is that the fuzzy supervisory controller can compensate for an expected error E(t) in the PID control loop by moving the set-point Y B (t) beyond the value that is actually desired. This means that the controller error E(t), the difference between the set-point schedule and the actual value Y B (t) À Y(t) is less than the controlled error Y A (t) À Y(t) obtained by using conventional controller alone.
The supervisory controller receives data when a plane is to land or to take-off, and the number of passengers estimated from the size of the anticipated aircraft type. This kind of data is available from the passengers' information desk long before the actual flight. Further inputs are real-time hourly measurements of external temperature and sub-hourly measurements of zone horizontal illuminance from daylight sensors.
The supervisory fuzzy controller provides the required thermal, lighting and indoor air-quality comfort set-points to the identified zones in the terminal where the passengers will be transiting. These set-points are available in advance to the passengers arriving, allowing the systems to raise or lower the indoor conditions despite the time delay inherent in the heating system. For an arriving aircraft, the set-points are set when an Table 2 . Variables used in the supervisory control structure ( Figure 2 ).
Symbol Significance Y A (t). Fuzzy controller inputs Y B (t).
Optimised set-points schedules for the controlled variable E(t).
Controller error Y(t).
Assured output aircraft touches down, which is typically 15 min before the passengers disembark into the building. This duration was confirmed in simulation to be sufficient for the HVAC system to provide a good thermal comfort environment. They are set to elapse about an hour after arrival, at which time the passengers should have cleared the zone. For departing passengers, the opposite sequence was used: set-points are chosen for the gate zone an hour before the scheduled departure, and they are reset once boarding is completed.
Structure of fuzzy controller
The fuzzy controller was developed using the Fuzzy Logic Tool Box 70 in MATLAB. The controller comprises the fuzzifier which determines the membership degrees of the controller crisps input values in the antecedent fuzzy sets. The inference mechanism combines this information with the knowledge stored in the rules to determine what the output of the rule-based system should be. The output is a fuzzy set but for control purposes, a crisp control signal is required. The defuzzifier calculates the value of this crisp signal from the fuzzy controller outputs. 71 This controller (Figure 2 ) takes outdoor temperature (OT), zone illuminance (ZI) and passenger numbers (PN) at a given flight time as inputs and indoor lighting set-points (LS), temperature set-point (TS) and airflow rates (AR) as outputs for the zones. The varying range of OT, ZI, PN, LS, TS and AR are described using linguistic terms. The discourse domains in the fuzzy set are between À10 and 35 C for OT, 0-500 C for PN, 030 C for TS, 0-400 lux for ZI, 0-250 lux for LS and 0-50,000 l/s for AR. Fuzzification was effected using the triangular membership function. Defuzzification was achieved using the centroid of area (averaging) method, because this supervisory controller does not have to resolve conflicting resolution strategies.
Construction of fuzzy rules
The rules mapping inputs to outputs were defined using linguistic terms ( The 36 fuzzy rules for this controller were defined using Mamdani Fuzzy modelling approach. 72 In this approach, the antecedent and the consequent proposition are expressed linguistically. The connectives between the inputs and the outputs rules are the logical 'and' operand. The linguistic terms are summarised in Table 3 . The detailed control signal takes too much space to present here, but it can be found in Mambo et al. 8 or in the thesis at Loughborough University. 9 Case study of airport building
The case study taken here is a UK airport terminal. This terminal was constructed in 1992 on the north-west part of the airport site. The terminal is made up of five-floor central building covering a gross floor area of about 18,000 m 2 and has two piers of four floor levels measuring about 5400 m 2 spanning to the left and right direction of the central building. The ground and the first floor contain the arrival halls; the third floor, the departure halls; the fourth floor is made up of lounges and offices; and the control room on the central building mainly housed the plant rooms on the piers. The fifth floor is mainly plant rooms. So, based on the floor levels, the building is already segregated in to various airport functions such as departure, arrival, office, and plant room functions.
The building's hot water is provided by gas boilers located in the central and east side of the terminal. For cooling, there are air-cooled chillers externally located on steelwork frames in the main plant rooms. The air-handling units comprise of Inlet damper, mixing box, HPHW frost coil, panel filter, bag filter, carbon filter, cooling coil, HPHW re-heat coil, supply fan and extract fan. The building has no lighting and daylighting control but the luminaries are currently being upgraded and the installation of lighting control is being considered. For the purpose of this study, lighting control is included as part of the energy use model. This terminal is a jet only terminal with low cost, charter and long haul carriers. The smallest regular aircraft type is the B737-300 with 148 seats, and the largest is Virgin's B747-400 with 456 seats. This information was used to estimate number of passengers per at a given flight time. The flight arrival and departure data were collected from the Airport Information Desk, a central database containing the flight information. The external temperature data for the simulation were retrieved from the British Atmospheric Data Centre (BADC). The airport building has large glass window areas which is suitable for daylight control. Available illuminance for the period of 26 October to 2 November was estimated from global and diffuse horizontal illuminance variation based on 10 years of measurements by the Building Research Establishment (BRE). 73 The weather data used in this model were the hourly ASHRAE International Weather for Energy Calculation (IWEC) GBR Manchester Ringway MN6 data.
Modelling of building geometry and HVAC systems
The building geometry was modelled in DesignBuilder by importing the 2D AutoCAD drawings of the building. The external walls were traced, and the building zones defined based on occupancy type and according to the segmentation of the HVAC system in the indoor space for each of the floors. The thermal zone calculation method in DesignBuilder is a heat balance model. The basic assumption of heat balance models is that air in each thermal zone can be modelled as well stirred with uniform temperature throughout. This is a little different from reality but computationally cost-effective compared to detailed CFD modelling. In reality, most zones in airports are open to surrounding areas, making independent control of a zone difficult. Still, heat transfer between zones is typically small, because the predominant air flow is vertical and not horizontal. Figure 3 shows the resulting 3D geometry of the building. For this case study, there were 22 thermal zones in the building. However, these zones were further sub-grouped into six zone groups according to the HVAC system type. The building model was zoned according to passenger flow such that the areas accessible to the public were separated from the areas that were restricted to only passengers and staff. Occupancy in the restricted areas such as the check-in, customs, security, passport control and baggage reclaim areas can easily be linked to arriving/departing passenger planes. However, in the public spaces such as the booking hall, some retail areas and some offices, the flow of people depends on many factors that are difficult to estimate, making them more complicated to control. The model was checked by ensuring that occupancy data were inherited correctly so that changes at block and building level produce the needed effect.
Fuzzy controller simulation and discussion
The controller supplied comfort set-point for 45 min, 1 h and 2 h before the next departure time and then relapses to the setback mode until 45 min, 1 h and 2 h before the next departure. For arrival, comfort set-points are relapsed to setback mode 45 min, 1 h and 2 h after arrival as shown in Figure 4 .
These times were chosen to gauge the benefit in terms of energy use and comfort when comfort set-points from the controller are ran for:
. a period less than standard processing times (45 min) to simulate the maximum passenger processing times recorded in CAA survey (67) . a standard processing time (1 h) as recommended by ICAO 66 . a rare extended processing time (2 h) to accommodate delays in passenger processing.
Figures 5-7 show how the controller rules connect input variables to output variables. Figure 5 shows how temperature set-points (TS) change in relation to passenger numbers (NP) and external temperature (OT). For example; when the zone is unoccupied (passenger number is zero) and external temperature is less 10 C (during winter) or over 20 C (summer), the controller relapses the set-point to its setback temperature of about 12 C (winter) or 23 C (summer) to conserve energy. However, when the place becomes occupied, the controller provides comfort set-points commensurate with the comfort requirement for that zone based on whether outside condition is winter, mid-season or summer. There is still a variation in set-point to accommodate for different temperature perception depending on the season, but the changes are much smaller relative to standard room temperature of 20 C. Therefore, temperature set-points depend both on occupancy and changes in external conditions. Air flow rates (AR) as in Figure 6 on the other hand vary directly with the estimated arriving or departing passengers at a giving time. This explained the rise in airflow rates (AR) as the passenger numbers (NP) increase. Ten litres per second per person was provided for each passenger being the minimum fresh air requirement recommended by CIBSE 74 for such place.
During period of unoccupancy, up to 1000 l/s is still provided to support non-passenger activities.
Lighting set-points (LS) of 200 lux was provided when occupancy was predicted to occur and it is off when the zone was unoccupied as shown in Figure 7 . This was because according to CIBSE Guide A 74 200 lux is recommended as minimum for most indoor spaces within the terminal except offices and shop areas. Dayligthing control was also included as the lights are dimed or switched-off depending on the adequacy of the daylight illuminance within the zone. This lighting control does not include security and a task light that may be used by the staff if higher illuminance values are required at the desk for passenger processing.
The set-points for heating, airflow rate and lighting supplied by the supervisory controller in SIMULINK were converted to EnergyPlus compact schedules and then applied to the building model in DesignBuilder. This simple implementation is possible because the supervisory controller uses no feedback, so it does not depend on measurements from within the building.
Simulations in DesignBuilder
In the baseline scenario, HVAC and lighting systems were scheduled to run for 24 h, and a temperature set-point of between 21 C and 23 C was applied to all the indoor spaces of the terminal building to simulate the average condition of what was observed from the indoor monitoring results carried out in the airport as reported in Mambo et al. 8 For the energy-saving scenario, compact schedules generated from the fuzzy controller outputs for temperature set-point, lighting set-point and airflow rates schedules were incrementally applied to the selected indoor spaces (check-in, customs area, gates, etc.) while other indoor spaces (offices, shops, etc.) were run on full schedules.
Results
The simulation results are shown in Figure 8 . In the legend, the abbreviations shown in Table 4 are used for Figures 8-10 . From Figure 8 , it can be seen that due to temperature setback during unoccupied period, comfort during occupancy increased from slightly warm to almost neutral, and airflow rates setback on the other hand caused an increase in discomfort which was restored by the fall in lighting gains due to lighting control. Comfort level also increased from a PMV value of between 1.1 and 0.9 to between 0.2 and 0.4 for the winter week considered. An indoor thermal environment that has a PPD of less than 10% corresponding to a PMV of about AE0.50 is considered acceptable. 75 For transitional spaces like the airport, a PMV of AE1 is still acceptable. 76, 77 Energy and CO 2 savings of between 45 and 48% and between 42 and 45%, respectively, can be observed for this scenario.
From Figure 9 , and was the case with the previous scenario in Figure 8 , it can be seen that temperature setback improves comfort rating, scheduled airflow rates degrade comfort but lighting schedules improve comfort the most. The comfort level also increased from a PMV value of between 1.1 and 0.9 to between 0.8 and 1 for the winter week considered. Also, energy and CO 2 savings of between 42 and 50% and between 33% and 37%, respectively, can be observed for this scenario. These results show a reduction in savings and degradation in comfort level compared to the 45-min elapse time.
Similarly, from Figure 10 , because of the longer set-point elapse time, energy and CO 2 savings of between 41 and 48% and between 30% and 34%, respectively, can be observed for this scenario. The comfort level also increased from a PMV value of between 1.1 and 0.9 to between 0.5 and 0.7 for the winter week considered. Although the savings in energy and carbon emission is less compare to the previous scenarios, comfort is better compared to the 1-h elapse time.
Similar results were obtained for summer scenario where energy savings of 21-27% achieved was less than the 40-50% recorded for the winter time. This was because summer times are busier for the airports as such there are less time available to implement energy conservation measure other than just applying the right comfort set-points. Also, the need for active cooling or heating is generally less considering the prevailing external weather data. The result for energy savings seems to suggest that the 1-h set-point elapse time provided the greatest savings compared to 45 min and 2 h, while the 2-h elapse time provided the fewest savings as was expected.
Limitations of this study
Due to the frame of the project, it was possible to take real measurements at the airport building, but the controller could not be tested there. Therefore, the results are based on simulation models, which, while accurate and verified, Figure 9 . Results for 1-h set-point elapse time (winter).
may deviate slightly from real life performance. This applies both to the details of the building physics such as lateral heat transfer between zones, and to the random nature of occupant behaviour. Some of the dynamic aspects of the HVAC system have also been neglected in the model. More details on the modelling can be found in Mambo et al. 8 Because of these differences, applying the controller presented here will not result in the best possible result, and it may not provide savings of the predicted size. However, after proper re-tuning of the controller, similar savings should be achievable.
Conclusions
This paper presents the design of a fuzzy supervisory controller in MATLAB/SIMULINK. Its performance was analysed using the thermal model of an existing airport terminal building as a case study. With professional building software, various set-point elapse time and setback operations were investigated. Specifically, the setback operation based on the real time flight schedule, and comfort set-points were applied for both HVAC and lighting in airport terminal building during expected occupancy periods. Simulation results in MATLAB investigating these variable set-points elapse/setback time, passenger numbers and external conditions produces optimised set-points for lighting, heating and airflow rates. Through integrated dynamic simulation in DesignBuilder, these optimised building HVAC and lighting control systems set-points were rated in terms of energy and CO 2 emission savings and comfort vote. The result shows that setback operations based on passengers' occupancy profile could save up to 48% of energy and 45% of carbon emission in winter and 21-27% for both energy and carbon emission in summer while still maintaining comfort compared to the baseline scenario. Further improvements of this approach are possible. The current controller is essentially static with predefined fixed time scales. Accounting for the dynamics of the HVAC system and considering differences in passenger behaviour could lead to further improvements.
